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from x‐ray diffraction (18). M‐EELS measures the charge dynamic structure factor of a surface,  ( , )S q , 
which is proportional to the imaginary part of the frequency‐ and momentum‐dependent charge 































































































































form,  1~S  , instead of a discernable peak. For comparison, the solid lines show the phonon 
























































































A B C D
0










































































































































Supplementary Materials for 
 
Signatures of exciton condensation in a transition metal dichalcogenide 
 
A. Kogar, M. S. Rak, S. Vig, A. A. Husain, Y. I. Joe, L. Venema, G. J. MacDougall, T. C. 
Chiang, E. Fradkin, F. Flicker, J. van Wezel, P. Abbamonte 
 
correspondence to: abbamonte@mrl.illinois.edu or kogar2@illinois.edu 
 
 
This PDF file includes: 
 
 Materials and Methods 
Supplementary Text 




Materials and Methods 
Crystal Growth 
TiSe2 crystals were grown using the iodine vapor transport method. Ti powder and slight excess 
Se powder were loaded into a vacuum sealed quartz tube with trace amounts of iodine. The tube 
was heated to 570-640 degrees Celsius for 6 hours and maintained in a temperature gradient for 
seven days and cooled to room temperature over a period of 12 hours. 
 
M-EELS Measurements 
M-EELS measurements were taken with a conventional HR-EELS spectrometer which was 
retrofitted with a custom low-temperature seven-axis ultra-high vacuum compatible goniometer. 
The goniometer was aligned so that the sample rotation axis intersected the spectrometer rotation 
axis at a single point. Sample orientation was accomplished by identifying two non-collinear 
Bragg peaks (e.g. (1,0) and (0,1)) to construct an in situ orientation matrix translating between 
diffractometer angles and reciprocal space. Samples were cleaved in situ at room temperature 
and then cooled to the desired temperature. Spectra were obtained at an incident beam energy of 
50 eV with an energy resolution between 4-6 meV and a momentum resolution of 0.03 inverse 
Angstroms. Electron energy-loss scans were accomplished by moving the sample rotation and 
detector positions to keep the out of plane momentum transfer fixed while simultaneously 
scanning the voltage on the analyzer. The out-of-plane momentum transfer was fixed to 3.75 
reciprocal lattice units to enable the spectrometer to reach the in-plane Brillouin zone boundary 
at 50 eV beam energy while maintaining an incident beam angle of at least 30 degrees with 
respect to the sample surface. Further instrumentation-related specifics can be found in Ref. (18). 
 
Supplementary Text 
Phonon features in the M-EELS spectra of TiSe2 
In addition to the electronic mode, several phonon features are visible in the M-EELS spectra. 
The most prominent, summarized in Fig. S1, is a transverse acoustic (TA) phonon that (as 
expected) resides at zero energy at q = (0, 0) and q = (1, 0), and disperses to a maximum energy 
of 11 meV at q = (0.5, 0). This phonon involves displacement of charged ions perpendicular to 
the surface, so has a large M-EELS cross section and is particularly pronounced in the spectra. 
The same mode was observed in inelastic neutron studies in 1978 (34), which reported a 
dispersion relation that is quantitatively consistent with our M-EELS measurements (Fig. S1). 
In addition to the TA phonon, several weaker phonon modes were visible, which in some 
spectra appear as a reasonably well-defined peak at 20 meV [see, for example, the q = (0.9, 0) 
spectrum at 100 K in Fig. 3c of the main manuscript]. In other spectra, these excitations form a 
featureless continuum spanning the range 10-25 meV. These features are likely combinations of 
multiple phonon branches, which have been studied extensively (27,33,34,41).  
 
More complete data set on the plasmon-like collective mode in TiSe2 
The data set in Fig. 3 of the main manuscript was abbreviated for the sake of simplicity. A more 
complete data set is given in Fig. S2.  
 
Consistency between q=0 M-EELS spectra and infrared optics 
The manuscript states that M-EELS measurements at q = 0 are consistent with measurements of 
the inverse dielectric function using infrared reflectivity. A side-by-side comparison is presented 
in Fig. S4.  
 
Determination of dispersion curves and error bars in Figure 4 
This section details the method by which the energy points and error bars in Fig. 4 of the main 
manuscript were obtained. This procedure was applied at each momentum value and 
temperature. 
The main sources of systematic error in this measurement are (1) shift of the elastic line 
during the experiment due to voltage drifts, (2) ambiguity in how to distinguish the energy of the 
electronic mode from the TA phonon, particularly in the vicinity of the phase transition, and (3) 
ambiguity in how to distinguish the electronic mode from the background (phonon) continuum, 
which is strongest in the 5-20 meV range. 
In order to estimate these errors, each spectrum was fit using the least squares method 
according to two different schemes. Both use a Gaussian profile to fit the elastic peak, a 
Lorentzian profile to fit each of the inelastic features, and a constant background. The first, 
scheme A, assumes the presence of two phonon modes, an acoustic phonon—with both an anti-
Stokes and a Stokes component—, an optical phonon and the presence of the electronic mode. 
The second, scheme B, assumes only the presence of the elastic peak and the electronic mode, 
modeling the phonon background as a single Lorentzian. These two schemes are illustrated in 
Fig. S5, which shows fits at q = (0.9, 0) and T = 100 K. In each of the two fits, the electronic 
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where Efit, and E0 are the fit energies of the electronic mode and elastic energy to the raw data in 
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Each of the fit values in Eq. S1 exhibits a statistical source of error, which is defined by the 
corresponding diagonal values of the variance-covariance matrix generated in the fit. The total 
statistical error for each of the two schemes was determined by adding the two in quadrature, 
 
( ) ( )2 20A AA EMδ δ δ= +      (S3) 
( ) ( )2 20B BB EMδ δ δ= +  
 
where EMδ  and 0δ  represent the errors in the mode energy and elastic energy, respectively, in 
each of the two schemes.  
Finally, the systematic error was estimated by taking the deviation from the average value 
of the electronic mode obtained from the two fitting schemes: 
 
A
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B
B EM EME Eσ = − . 
 
The final error bars in Figure 4 of the main manuscript were determined by adding both the 
statistical and systematic errors in quadrature, 
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Fig. S1. Momentum dependence of the M-EELS spectra in the phonon region, taken on the 
momentum interval (0,0) → (1, 1). (A-C), Individual spectra for 300 K, 100 K, and 17 K, 
showing the dispersion of a TA phonon in TiSe2. Individual spectra have been scaled by the 
indicated factors and vertically offset for clarity. This phonon does not participate in the CDW 
and exhibits no apparent change through TC. Note that the elastic (ω = 0) feature at H = 0.5 is 
enhanced below TC, indicating development of the excitonic order parameter. (D) Phonon 
dispersion curves from inelastic neutron scattering, reproduced from Ref. (34). The dispersion of 
the TA mode is quantitatively consistent with M-EELS studies, showing consistency between the 
















Fig. S2.  Complete M-EELS data set on the (0,0) → (1,0) interval, including the spectra at 
150 K and the intensity scale factors (A) Normal state M-EELS spectra showing the valence 
plasmon at ω = 83 meV that exhibits conventional, Lindhard-like dispersion. The number next to 
each spectrum represents a factor used to scale the intensity so all the data could be showed on 
the same scale. (B) Spectra near TC where electronic and lattice excitations cease to be 
resolvable. The electronic mode at this temperature reverses its dispersion, going soft at 
q = (0.5, 0). (C) Spectra at T = 150 K, showing slight hardening of the plasmon. (D) T = 100 K. 































































































































































































































































































































































































































































































































































































































































































































































































Fig. S3. M-EELS spectrum at q = (0.5, 0) and T = TC plotted on a log-log plot. The purpose 
of this plot is to illustrate that that the spectrum exhibits a power law form. We state in the 
manuscript that, at T ~ TC, the electronic mode becomes gapless. What this means, 
quantitatively, is that there is no visible energy scale in the problem, i.e., to within the limit of 
the resolution the M-EELS spectrum just exhibits a power law in energy. As shown above, a best 
fit to this power law gives S(ω) ~ ω-1. This means that, near TC, the system exhibits the expected 














Fig. S4. Spectrum of collective excitations at q=0 as measured with both IR spectroscopy 
and M-EELS. (A) Frequency-dependent dielectric loss function, −Im[1/ε(q,ω)], determined at 
q = 0 from infrared reflectivity measurements of TiSe2 (33) (B) M-EELS spectrum at q = 0. The 
two techniques see the same fundamental, electronic collective mode, with the same changes in 
energy, width, and spectral weight when cooling through TC. The agreement is excellent 
considering that IR is a bulk probe and M-EELS measures only the surface. This measurement 


















Fig. S5. Example fitting of the M-EELS spectrum at 100 K at q = (0.9,0) using two different 
schemes. Both fit schemes use a Gaussian profile to fit the elastic peak, Lorentzian profiles to fit 
the inelastic features, and a constant background. (A) Fit scheme A assumes the presence of 
three phonon modes, two acoustic—one on the anti-Stokes side and one on the Stokes side—, 
one optical and the electronic mode. (B) Fit scheme B, assumes the presence of only the elastic 






Fig. S6. Reproducibility of electronic mode dispersion at 100K. (A-D) Electronic collective 
mode dispersion at 100K on different TiSe2 samples. These spectra were taken on samples 
different from the one in Fig. 3C of the main manuscript. The dispersion on different samples 
consistently shows a softening behavior of the electronic mode toward q0 = (0.5, 0) with a 
resolvable shoulder at q0 for all spectra taken. Because of slightly different impurity 
concentrations, the peak energy varies slightly from sample to sample, but the overall behavior is 
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